Summary. We present a general but quantitative analysis of the effect of hyperfine structure on the analysis of stellar spectra in terms of the elemental abundances deduced. It is shown that the effects are larger than is sometimes appreciated, even on the linear portion of the curve of growth where the effect is generally considered to be 'small'. It is indicated that the available data on hyperfine structures are generally of insufficient accuracy for high quality analysis.
Introduction
It has long been known that hyperfine structure can have large effects on stellar absorption line profiles and the abundances of the elements deduced from stellar spectra (e.g. Abt 1952; Hindmarsh 1955) . Heide (1968) analysed quantitatively the effects of neglecting hyperfine structure for a number of lines in a few elements of the iron group. He found variations in the logarithmic abundance of 0.1 to 0.2 dex (i.e. 26-50 per cent). More recently Beynon (1978a, b) has investigated the effect for Mm in F and G stars, showing that supposed deficiencies of manganese relative to iron can be attributed, at least partially, to incorrect allowance for hyperfine structure.
In view of the above, and considering the number of astrophysically interesting elements whose spectra display hyperfine structure, we decided to produce a rather more general yet quantitative analysis of the effect of hyperfine structure on stellar abundance analysis. The effects of hyperfine structure are important because they can be larger than most other sources of uncertainty in the analysis. Thus, removing this uncertainty will give more information on other interesting topics such as non-LTE, atmospheric structure, etc., as well as producing more accurate elemental abundances. This paper is, therefore, intended as a guide for use in stellar line analysis. It gives an indication of the level of error that can be expected in an analysis if hyperfine structure is neglected, or if an incorrect hyperfine structure is used.
Analysis
In the analysis given below we have computed an elemental abundance for various absorption line strengths using the algol68 program described by Blackwell & Shallis (1979) , A. J. Booth and D. E. Blackwell Blackwell et al (1976) and Ibbetson (1969) , modified to allow for hyperfine structure. This modification takes the form of a sum over all hyperfine components at each depth point in the atmosphere. The program computes a value of log (g/Ld) from a line equivalent width in LTE, where gf is the line oscillator strength and A is the abundance on the usual scale of log 04)h = 12.0. The model atmosphere grid of Kurucz (1979) was used in all cases in order to maintain consistency. A depth independent microturbulence of 2.0 km s -1 was introduced in agreement with the value used by Kurucz.
In all the computations we have used data appropriate to a fictitious line of Mn n (atomic weight 54.9) at X500nm and a damping constant (half width at half height) equal to 2 x 10 -8 in angular frequency units for unit concentration of neutral hydrogen at 5000 K.
These data were chosen as being as typical as possible in such a general analysis. Manganese is a relatively interesting element since it displays a fairly large hyperfine structure and is astrophysically important. In any case the results are not specific to any particular element or spectral line, as will be made clear below. The results can easily be scaled to different wavelengths and we will show how the Doppler line width affects the results so that different atomic weights can be used.
3 Results and discussion 3.1 THE CURVE OF GROWTH Fig. 1(a) shows the curve of growth (dotted) for a line with no hyperfine structure, for an atmosphere with effective temperature 7^ = 7000 K and log(g)=4.5 (i.e. spectral class ~ F2 V). Note the inversion of the normal axis positions; the right-hand ordinate gives the value of log (gfA) for a given equivalent width, W. The graph extends into the damping part of the curve so should cover conditions for all lines that are useful in an abundance analysis. The effect of hyperfine structure is to desaturate a line and so raise the curve of growth. We now consider the case where a single line is split into several equal intensity components completely separated from each other, the total equivalent width being unchanged. This case Log (w/X) log (w/X) (a) (b) Figure 1 . Curve of growth for unsplit line (dotted), r e ff = 7000 K, using the right ordinate. Note the reversal of the normal axis positions. Departures from this curve for more than one hyperfine structure component are shown (solid), using the left ordinate. Number of equal intensity components given on each curve. clearly corresponds to maximum desaturation and the amounts by which the curve of growth is raised are easily calculated from the case for a single line. The solid lines in Fig.  1(a) give these amounts [i.e. ô \og(gfA)] for various numbers of components using the lefthand ordinate. Each curve is labelled by the number of components used in the computation. The lower left-hand portion of the curves is shown on an expanded scale in Fig. 1(b) . Note that even for log(lT/X)~-6 (IF-SmÂ) the curve of growth of a single line is non-linear enough that hyperfine structure can have effects as large as several per cent.
The turn down in Fig. 1(a) for the two component curve is due to the single line curve of growth entering the damping region, whilst the split line curve is still on the flat portion. The desaturation of the split curve is thus reduced.
Of more interest is the case where there is some overlap of line profiles as is shown in Fig.  2 . All conditions are otherwise the same as in Fig. 1 . Here we plot the change in deduced strength [5 \og(gfA)] for different component separations, ô A, in a hyperfine structure of two components of equal intensity, using ÔX/X 2 as the abscissa. This form of abscissa is used for two reasons. First, the wavelength splitting of lines originating from a particular energy level is proportional to X 2 (ignoring complications due to the other level involved in the transition). All energy level splittings are of the same magnitude in a given atom hence ÔA/A 2 is roughly constant for any element. Secondly, we have found that ô \og(gfA) is approximately proportional to 1/A 2 (due to decreased linewidths at shorter wavelengths) so again putting 5A/A 2 accounts for this explicitly. The scale extends to 80 m" 1 , equivalent to 20 pm (200 mÂ) at 5000 Â (500 nm). At small separations the hyperfine structure is completely washed out by the large linewidths so the effect is small. At large values of 5A the separation is total and the maximum effect is seen. This shows the scale of hyperfine structure that will give the curves of Fig.  1(a) , i.e. separations of ^ 10pm. In the intermediate region the effect rises rapidly with A. J. Booth and D. E. Blackwell increased component separation. As might be expected the point of inflection occurs when the separation is about equal to the line width (the Doppler width in the line forming region is ~ 4 pm in this atmosphere, corresponding to ÔA/A 2 = 16 m _1 ).
In order to see how much effect a given scale of hyperfine structure will have on an abundance analysis, for a particular equivalent width, Figs 1 and 2 should be used together. Since the shape of the curves in Fig. 2 is independent of the equivalent width the effect can be found for any point on the curve of growth. The curves of Fig. 2 also give the effect for large component numbers if 5A is the average separation of adjacent components. Fig. 2 also depicts how much inaccurate component positions can change a deduced abundance. Clearly, the effect depends on the equivalent width and the component separation, but if abundances accurate to ~ 0.05 dex (12 per cent) are to be deduced from lines of moderate to high equivalent width component positions are required to better than ÔA/A 2 = 2, i.e. 0A~0.5pm. Unfortunately there is a lack of data of this accuracy for the large numbers of lines needed in an abundance analysis (see, e.g. Beynon 1977; Biehl 1976 ).
THE EFFECT OF STELLAR LINE WIDTH
The temperature, T, in the line forming region alters the effect of hyperfine structure by changing the line Doppler width. For large widths the hyperfine structure is washed out and has little effect. By obtaining diagrams of the same type as Fig. 2 for a variety of atmospheric temperatures we found that, as expected, the abscissa is scaled approximately by the square root of the ratio of these temperatures. This is undoubtedly caused by the changing Doppler width which scales as x/tT These temperatures are not equal to the effective temperature, but can be treated as being so to a reasonable accuracy. The effect of the stellar gravity has also been investigated and found to be very small. A smaller Lorentzian line width causes slightly steeper curves in Fig. 2 , but for reasonable alterations the change is less than 0.01 dex in \og(gfA). This is understandable as the far line wings have little effect on the overlap of the hyperfine components.
The curve of growth depends on the atmospheric parameters used and on the wavelength region considered. Hence direct comparison of different atmospheres is not possible. In order to take account of different parameters (e.g. temperature and wavelength) it is necessary to construct the relevant curve of growth and then work on the correct portion of the curve in Fig. 1 , scaling the abscissa of Fig. 2 accordingly. The effect of a different elemental atomic weight, M, can be accommodated in the same way as temperature changes since Doppler width is proportional to l/\//íf. Similarly if the microturbulence is to be changed it will simulate the corresponding temperature change.
THE EFFECT OF COMPONENT INTENSITIES
It is also pertinent to ask how much effect the relative intensities of the hyperfine components have on the result. Generalization is difficult because of the large number of possible patterns, but as an example of the possible extremes we calculated the change in \og(gfA) between each of the hyperfine structures depicted in Fig. 3 for r e ff = 7000 K and log(g) = 4.5. The component separation was set at ôA/A 2 ^ 16m" 1 (i.e. ôA = 4pm, 40mÂ) and log(ByA) ^ -4.7 so as to make the hyperfine structures most critical to any changes (see Figs 1 and 2 ). Under these conditions the changes in going from equal intensity components (A) to each of the patterns B, C, and D were 0.04, 0.02 and 0.07 dex respectively. This is thus not a negligible effect and attention should be paid to the accuracy of the relative intensities if the best results are to be obtained for an abundance analysis. It may not be sufficient to assume, as is sometimes done, that simple coupling scheme ratios will suffice. Of course, the effects are reduced for weaker lines or less critically spaced structures.
Conclusions
We have shown that hyperfine structure can have very large effects on the values of logGr/^) deduced from the equivalent widths of stellar lines and have given a quantitative account of the effects. It is often not appreciated that even on the 'linear' portion of the curve of growth errors of 0.1 dex (25 per cent) are possible when hyperfine structure is neglected. This error is in addition systematic. Finally, if accurate abundances are to be calculated from hyperfine broadened spectra the structures must be known to a higher degree of accuracy than the data that iú generally available. The above discussion has been concerned principally with nuclear spin hyperfine structure. It should be noted that the same effects and problems (with regard to lack of data) apply to nuclear isotope shift hyperfine structure. These splittings tend to be rather smaller than nuclear spin splittings, except for light elements, or where there is a large mass range in the common isotopes.
